Proteins form complexes when they bind to other molecules, which is often accompanied by a conformation change in one or both interacting partners. Details of how a compound associates with a target protein can be used to better design medicines that therapeutically regulate disease-causing proteins. Experimental and computational techniques for studying the binding process are available, however many of them are time and money intensive, or are computationally expensive, and hence cannot be done on a large dataset. In this work, we present a hybrid, computationally efficient approach for studying the stability of protein complex. We use short Molecular Dynamics (MD) simulations to generate a small ensemble of protein-complex conformations, whose flexibility we then analyze using an efficient graph-theoretic method implemented in the KINARI software. For our dataset of proteins, we show that our combined MD-rigidity analysis approach provides information about the stability of the protein-complex that would not be attained by either of the two methods alone.
INTRODUCTION
Proteins are dynamic molecules involved in virtually every chemical process in our bodies. They interact and bind with other molecules, in order to perform their functions. Intermolecular forces such as hydrogen bonds and van der Waals forces help orchestrate how two molecules interact and associate. In many cases, the binding event induces a (a) Cartoon (b) Conf. 1 (c) Conf. 2
Figure 1:
The rigidity properties of two conformations of a biomolecule (PDB structure 4fd9, cartoon rendering in (a)) were used to infer how frequently the components of a protein remain associated with each other. The analysis of two conformations generated by Molecular Dynamics reveals that the structure can be very rigid (shown in b) or flexible (shown in c). Color regions designate clusters of atoms predicted to be rigid.
conformation change of the protein, the ligand, or both [1] . However, the exact mechanisms of binding are unknown for many protein complexes. For example, more than 50 types of molecules bind to collagen, a structural protein. However the exact binding mechanism is unknown, and hence it is unclear how mutations in the structural protein lead to several diseases of collagen [12] . Knowing how a compound binds to a protein can provide information about a molecule's role in mediating the function of a disease-causing protein. Because of this, the focus of many studies has been to measure the extent to which a ligand associates with a biomolecule. For example, assays of radioisotope labeled compounds that co-precipitate with the Hippel-Lindau tumor protein have been used to study the role that the molecule plays in suppressing tumors [3] . Unfortunately, such methods often rely on expensive tracer chemicals and use of magnetic resonance imaging (MRI) technology, which makes large scale studies prohibitive.
Researchers also have at their disposal computational methods for studying protein complexes. One example is Molecular Dynamics (MD), in which the trajectories of atoms are calculated using numerical methods [2] . Another approach combines simulated annealing for conformation searching and grid-based energy evaluation to screen potential ligand candidates [5, 16] . Although highly effective, these methods have drawbacks. MD is computationally intensive, and requires up to thousands of computer processors [13] to perform lengthy simulations. Techniques that rely on all-atom energy functions also have computational limitations.
We propose a hybrid computational approach, for study-ing the stability of protein complexes. In Figure 1 , we show (a) the cartoon rendering of the two chains in PDB file 4fd9, which represents the two-chain structure belonging to the βγ-crystallin superfamily of proteins. The rigidity analysis of two conformations generated by a short run of MD reveals that the complex can be either rigid or flexible. The interface between the two chains is clearly demarcated in Figure 1c , and were that the only structure available, one might conclude that the two chains act independently of each other. The largely rigid 2-chain structure in Figure 1b contradicts that claim, showing that different conclusions could be drawn about the stability of the complex based on which structure is analyzed. In this work, we provide a proof-of-concept approach to studying the stability of protein complexes, and we show that our combined MD, rigidity analysis approach may provide information about a protein complex that would be overlooked were only a single conformation of a structure analyzed. In our method we use short runs of MD, to generate an ensemble of protein complex conformations. We then rely on a graph-theoretic rigidity analysis method implemented in KINARI to calculate the rigidity of the generate complexes. Both of these components of our approach are computationally efficient, and neither require multiple processors. In fact we can analyze a protein complex in a few minutes, even when only a single biomolecule structure from an Xray crystallography experiment is available.
Related Work
Here we summarize a few protein complex studies that have been conducted using MD, as well as Positron Emission Tomography (PET) in conjunction with fluorescent labeling. A brief summary of rigidity analysis is also provided.
Molecular Dynamics Studies
In Molecular Dynamics the trajectories of a protein's atoms are calculated using numerical methods utilizing Newton's equations of motion. MD has been used to study how ligands bind to hemoglobin [2] , and more recently to study the activation mechanism of acetylcholine, a neurotransmitter, via its association with G-protein-coupled receptors [10] . Molecular Dynamics is a powerful technique, but it has a very serious drawback. It is computationally intensive, and requires hundreds, and up to tens of thousands, of computer processors [13] for long simulations of protein dynamics. Because of this, it is not possible to perform lengthy simulations of a large set of ligands to determine how each of them affects the mechanical properties of the protein to which it binds or associates.
PET Studies
Similarly, in vivo studies that rely on PET using flourescent antisense oligonucleotides have been used to investigate how those protein fragments render RNA inactive [15] . The use of fluorescence labeling, in conjunction with magnetic resonance techniques, is, like MD, a powerful tool, which gives researchers a wealth of information about the interaction of a ligand and protein. However, just like MD, it would be difficult to perform an analysis of a large dataset of ligands to determine how they associate with a protein. This is due to the time required to label each ligand so that it can be used as a tracer, and to perform the actual PET experiments, which requires access to expensive machinery.
Rigidity Analysis
Rigidity analysis [8, 9] is a fast graph-based method complimentary to molecular simulations, that gives information about the flexibility properties of proteins. Atoms and their chemical interactions are used to construct a mechanical model of a molecule, in which covalent bonds are represented as hinges, and other stabilizing interactions such as hydrogen bonds and hydrophobics are represented as hinges or bars. A graph is constructed from the mechanical model, in which each body is associated to a node, a hinge between two bodies is associated to five edges between two nodes, and a bar is associated to an edge. Efficient algorithms based on the pebble game paradigm [7, 11] are used to analyze the rigidity of the graph. The results are used to infer the rigid and flexible regions of the mechanical model, and hence the protein. KINARI-Web [4] is a second generation versatile web server for rigidity analysis of molecular structures. It provides options for curating input protein data and for building protein biological assemblies and crystals. In Figure 2 we show a schematic of a short polypeptide fragment, as well as the corresponding mechanical model and associated graph, which is used to calculate a biomolecule's rigidity. Rigidity analysis has been used to characterize several ligands and their ability to inhibit HIV-1 protease [6] . In that study, the researchers analyzed how several ligands affect the rigidity of several HIV-1 protease structures available in the Protein Data Bank (PDB). However in most cases, only a single conformation of HIV-1 Protease along with a specific ligand was used, so it is not clear if their approach would give similar conclusive results where the protein and ligand allowed to assume an ensemble of conformations.
METHODS
In this section we explain our choice of proteins for performing our computational experiments, and our MD program parameters. Our use of KINARI-Web, a freely available rigidity analysis online tool, is also explained.
Dataset
The data for the proteins and biomolecules used in our experiments was retrieved from the Protein Data Bank (PDB). We performed a search for structures that contained no nucleic acids, had between 1 and 3 polymers (of which at least one was between 20 and 100 residues), and whose experimental method was X-Ray Crystallography. From the available entries, we randomly selected 9 structures, that were grouped into one of three sets: (a) single chain, (b) 2 chains, and (c) 3 chains. We selected the single chain structures (1lz1) specifically to confirm that using MD would generate an ensemble of structures with varying degrees of rigidity. Table 1 lists the protein structure files we used, as well as the total run-time for the MD and rigidity analysis steps. 
Molecular Dynamics
For the Molecular Dynamics portion of or approach, we used the freely-available GROningen MAchine for Chemical Simulation (GROMACS) program, versions 4.5.5, compiled with single precision [14] . Our short MD simulation runs were performed on a Dell quad-core 64-bit computer with 16GB of memory, running at 2.0GHz.
From the resulting trajectory file for each PDB structure, we extracted 10 conformations, evenly spaced from among each 2ps simulation. Ten conformation were selected for our proof-of-concept approach, as it allowed us to calculate several metrics to measure how much the PDB structure varied in the 2ps simulation. Although more conformations could be used, we chose 10 in hopes that it suffices to show how much potential for change each structure would have over a longer time period.
Each MD simulation was comprised of the following steps: 1. The AMBER03 force field was used 2. The structures was solvated with water 3. Energy minimization (2000 steps) was performed to ensure non-overlap of solvation molecules 4. Net charge (if applicable) was neutralized with the addition of ions 5. Position Restrained MD was performed (2ps) to ensure non-overlap of the protein with the solvation molecules 6. 1000 MD steps (2ps) of the solvated protein was performed in parallel
Rigidity analysis of conformations generated by Molecular Dynamics
The 10 conformations of each PDB structure file were analyzed using KINARI-Web [4] . Default modeling options were used; namely, hydrogen bonds and single covalent bonds were modeled as hinges, hyrophobic interactions as two bars, double or non-rotatable peptide bonds were modeled as 6 bars (not allowing any rotation), while hydrophobic interactions were modeled as 2 bars. From among the metrics output by KINARI, the size of the largest rigid cluster was recorded. Screen shots of the rigidity results produced by KINARI's visualizer were saved for each conformation. Table 3 (before references) shows the number of hydrogen bonds that were identified by KINARI in each of the conformations generated by MD. The size of the largest rigid cluster (LRC), is also given. In this section, we present a preliminary classification scheme that we used to sort the proteins. We also discuss in detail several of the protein complexes, to highlight that our combined MD-rigidity analysis approach provides information about the stability of protein complexes that would not be attained were either of the methods used alone.
RESULTS & DISCUSSION

Classification Scheme
To get a better sense of the variability of the results of our combined MD-rigidity approach of studying the stability of protein complexes, we performed a preliminary classification of the 9 proteins based on the variability of the rigidity of the 10 conformations of each structure. To do this, we calculated the range of the size of the largest rigid cluster for the 10 conformations of each protein complex. Then we normalized the Largest Rigid Cluster (LRC) range value, by calculating the range of the LRC as a % of the maximum largest rigid cluster -denoted as Max(LRC). As a first-step approach at classifying our protein complex structures according to whether the rigidity of the complex has low, medium, or high variability, we designated three groups:
• Grp 1: Range of LRC as % of Max(LRC) is < 30 • Grp 2: Range of LRC as % of Max(LRC) ≥30 but <60
• Grp 3: Range of LRC as % of Max(LRC) ≥ 60% The classification results (Table 2 ) reveal that our combined MD-rigidity analysis approach of studying protein complexes gives information about their stability that neither of the two methods alone could provide. We next highlight two proteins. 
Little variation in rigidity among 10 conformations of a complex
All 10 generated conformations of PDB structure 3oy6, a urokinase-type plasminogen activator (253 residues) complexed with a peptide inhibitor (23 residues), are very rigid. The range of the largest rigid cluster of the 10 conformations of 3oy6 is very small, implying that for the conformations that we studied, the degree of rigidity varies little from one structure to another. We take this to mean that the complex is very stable, and that no amount of small motion by the protein or inhibitor would change their association. In Figure 3 (a,b), we show both the cartoon representation of the protein, as well as the rigid cluster decomposition results of the 6th generated conformation; all other conformations are very similarly rigid.
(a) Cartoon rendering (b) Rigid clusters Figure 3 : An analysis of the 10 MD generated conformations of the crystal structure of a urokinase-type plasminogen activator associated with a peptide inhibitor (cartoon rendering in (a)), reveals that the complex is very rigid. The Standard Deviation (Table 3) value of 76.29 from a mean Size of Largest Rigid Cluster of 2770.8 indicates that all of the conformations that we generated were very similar to the 6th conformation shown in (b).
High variation in rigidity among 10 conformations of a complex
In contrast to the little variation in rigidity that was seen in the 10 conformations of PDB file 3oy6, the structure of the two chain, 288 residue multiple antibiotic resistance protein marR, is placed into group 3 because the 10 different conformations generated by MD have varying degrees of rigidity. We interpret that to mean that the complex is not at all stable, and that small perturbations might alter its flexibility properties. The range of flexibilities provides information that would not be attained by using MD, or by analyzing the rigidity of a single conformation of the complex. Figure 4 (ac) shows the rigidity results of three of the conformations of marR, where the variability in the flexibility is readily visible due to change in number and size or rigid clusters.
Figure 4: The rigidity analysis of the conformations (only four are shown here) generated by MD of the antibiotic resistance protein marR (PDB ID 3vb2) reveals that the structure is not rigid, but instead has varying degrees of flexibility, depending on which conformation is considered.
Case Study 1: Inferring flexibility of interface regions
To determine if our combined MD-rigidity analysis approach could give valuable information about the interface between a protein and its ligand(s), we performed a more detailed visual analysis of PDB structure 4ext. It is a three polymer structure containing a segment of the DNA repair protein REV1 (96 residues), along with a fragment of the DNA polymerase zeta catalytic subunit (23 residues), and the mitotic spindle assembly checkpoint protein MAD2B (204 residues).
Shown in Figure 5 (a) is the cartoon representation of PDB file 4ext, along with the rigid cluster decomposition results of three of the 10 MD-generated conformations (b-d). In subfigure (a), the segment of the repair protein is colored black, the catalytic subunit is shown as blue spheres, and the remainder of the structure is colored yellow, red, or green, according to secondary structure. As is clearly visible, the catalytic subunit is closely associated with the checkpoint protein, and the segment of the repair protein is only loosely associated with the other parts of the structure.
If only an MD simulation of the structure were performed, all portions of the complex would undergo motion, and perhaps it would not be evident that the catalytic subunit is much more closely associated with the checkpoint protein than is the repair protein REV1. The use of our combined MD-rigidity method, however, provides information where
Figure 5: A combined MD-rigidity analysis approach to investigate the rigidity of a three-polymer crystal structure (PDB ID 4ext, shown in (a)) reveals that two portions of the complex (shown in non-blue colors in (a) are much more closely associated than is the black region of the cartoon rendering, which in the rigidity results is only sometimes part of the largest rigid cluster.
the degree of association is evident. In subfigures b through d of Figure 5 , the rigidity results reveal that at times the repair protein associates with the checkpoint protein, but not as often as the catalytic subunit, parts of which are always closely bound to MAD2B.
Case Study 2: Analyzing how a ligand affects the flexibility of a complex
For a second case study we performed a visual inspection of the rigidity results of the 10 conformations of PDB file 3pth, which is a 2 polymer structure containing an 82 residue binding protein and a 15 residue La-related protein 4B. As was the case with our first case study, the combined MD-rigidity analysis approach gave information about the 2 polymers' association that would not have been attained from the rigidity analysis of a single conformation. Figure 6 : Rigidity analysis of our 10 MD-generated conformations of PDB file 3pth reveals that the ligand (shown in the black boxes) has a rigidifying effect on the protein (shown on right), but at times does not associate strongly at all. The fact that the largest rigid cluster, shown in orange, changes in size due to the proximity of the ligand, may be information that could be used to better understand the strength of the protein-ligand association.
In Figure 6 , the rigidity results of two of the 10 conformations generated by our combined MD-rigidity analysis method reveal how the ligand has a tenuous affect on the rigidity of the complex. Although only two conformations are shown in Figure 6 , in the other 8 conformations the ligand has a similar varying effect on the rigidity of the protein.
That information would not have been gained if only MD were used, or if only the rigidity of one of the confirmations had been analyzed. Although we do not draw in our analysis any biological conclusions as to the role of the ligand and its effect on the function of the protein, information from our results might supplement data from other experimental or computational techniques, to better explain the association of the ligand with the protein.
CONCLUSIONS AND FUTURE WORK
We have presented a proof-of-concept approach, that relies on a combined MD-rigidity analysis method, to investigate the flexibility and rigidity properties of protein complexes. Our computationally efficient method shows how frequently a component of a complex remains associated with another component. Indeed, we have shown on a small dataset of 9 proteins, that the information gleaned from the results of our method gives information that would not have been attained from the rigidity analysis of a single conformation of a PDB structure.
We envision several avenues of future work. Firstly, we aim to devise a metric that can better quantitatively assess the degree to which a ligand associates with a protein. In this proof-of-concept work we have relied on the largest rigid cluster metric as the discerning indicator of whether, and how, a ligand affects the flexibility of a protein. However, other metrics can also be used, to classify the association of binding partners. Among them are the number of rigid clusters calculated in a protein, as well as the total number of degrees of freedom in a structure. The difference in count of these metrics across different conformations of a complex might give additional information about the degree of association of the binding partners. Secondly, due to the fact that a ligand might have a localized effect on the rigidity of a complex, it may be constructive to consider and calculate the association of two binding partners only near the binding interface. Thirdly, we aim to perform a larger scale analysis with a larger dataset, so that a better concise classification scheme can be devised.
